Plants endure a variety of abiotic and biotic stresses, all of which cause major limitations to production. Among abiotic stressors, heavy metal contamination represents a global environmental problem endangering humans, animals, and plants. Exposure to heavy metals has been documented to induce changes in the expression of plant proteins. Proteins are macromolecules directly responsible for most biological processes in a living cell, while protein function is directly influenced by posttranslational modifications, which cannot be identified through genome studies. Therefore, it is necessary to conduct proteomic studies, which enable the elucidation of the presence and role of proteins under specific environmental conditions. This review attempts to present current knowledge on proteomic techniques developed with an aim to detect the response of plant to heavy metal stress. Significant contributions to a better understanding of the complex mechanisms of plant acclimation to metal stress are also discussed.
The ever-increasing human population is in growing demand for agricultural production. Whereas global warming represents a major impediment to the increase of arable surfaces (1) (2) (3) , the wide variety of human activities inherent to this demand results in an immense burden to the environment from pollutants such as metals and metalloids. For example, smelting operations, fossil fuel combustion (4) , and contamination with arsenic (As)-based pesticides (5) are major sources of arsenate in environment, alongside geologically derived activities. Plants are not resistant to arsenate because it is an analogue of phosphate, competing for the same uptake carriers in the root (6) . Nitrates and phosphates are also one of the major pollutants leaching to groundwater. The excessive use of nitrogen-based fertilisers and industrial effluents, as well as biological waste and landfills that have not gone through nitrification, lead to nitrogen pollution (7, 8) . In addition, increased levels of phosphate from phosphate fertiliser industries may cause soil contamination, which is potentially hazardous to plants and groundwater (9) .
The last century has seen a tremendous rise in heavy metal emission and an enormous release of these elements into soil, water, and air through sources such as industrial activity, wastewater treatment, contaminated sewage sludge, phosphate fertilizers, and various agrochemicals (10, 11) . All metals of a specific gravity higher than >5 g cm -3 (12) and an atomic number over 20 (13) belong to the group of heavy metals. Some, such as zinc (Zn), iron (Fe), manganese (Mn), molybdenum (Mo), and copper (Cu), are micronutrients essential for physiological processes in plants, metalloproteins and ion-dependent enzymes such as ascorbate oxidase, cytochrome catalase, peroxidase, superoxide dismutase, nitrate reductase, etc. (14) . These metals may become toxic if their concentrations exceed the levels necessary for plant metabolism (13) . On the other hand, metals such as cadmium (Cd), mercury (Hg), and lead (Pb) are not required for plant metabolism and can cause harmful effects even at very low concentrations. Furthermore, certain non-physiological ions are able to replace physiological ions and still perform physiological functions for a certain time without harming a plant. For instance, strontium (Sr 2+ ) can replace calcium ions during heat stress in moss (15) .
Soil and water contaminated with toxic heavy metals pose a major environmental and human health issue. However, the metabolism of certain plants can be used to reduce the content or toxic effects of metals in the environment (16) . The phytoremediation of metals refers to the use of metal-accumulating plants and their associated microbiota for environmental clean up. It is widely accepted as an environmentally friendly, non-invasive and cost-effective restoration technology attractive for the remediation of metalcontaminated sites (17) .
As sessile organisms, plants are inevitably exposed to environmental concentrations of heavy metals, either geologically or through human activities (18, 19) . Heavy metals enter a plant from soil and water through the root system via passive or active transport (20) . After the uptake, heavy metal ions can be translocated from the root via the xylem to the aerial parts of a plant such as stems and leaves (21) . Plants exposed to heavy metal stress are capable of accumulating high levels of heavy metals following an accumulation gradient in organs: roots > stems > leaves > seeds (22) . The toxic effect of certain heavy metals depends on many factors, primarily on the plant species, its stage of development, and the concentration and chemical properties of the metal.
All plants possess a basal tolerance to heavy metals, but elevated concentrations can cause harmful effects and disturbances such as transpiration and photosynthesis inhibition, disturbance of carbohydrate metabolism, nutrition stress, and oxidative stress, all of which collectively yield a general effect on plant development and growth (23) . The uptake of nonessential and potentially high toxic heavy metal ions such as Cd 2+ , Hg
2+
, and Pb 2+ , as well as metalloids As (phytoavailable ion forms are arsenate, AsO 4 3-and arsenite, AsO 3 3- ) and selene (Se) (ion forms selenate, SeO 4 2− and selenite, SeO 3
2−
) (21) is of major concern.
Typical symptoms of heavy metals stress are often similar to those of essential nutrient deficiency (13) ; weaker growth, lower biomass, necrotic spots in leaves, and damage mainly at the root level (24) (25) (26) . Accumulation of higher concentrations can cause reductions in crop yields (27) , but can also result in a potential threat to human health (28, 29) because heavy metals thus become part of the food chain. In order to alleviate the stress and re-establish cellular homeostasis and antioxidant capacity, plants have developed highly effective mechanisms to regulate the uptake, accumulation, distribution, and detoxification of heavy metal ions (30) . Vital components in these mechanisms are metal transporters responsible for metal uptake and vacuolar transport, chelators for heavy metal detoxification and tolerance, and chaperones which play a significant role in the delivery and trafficking of metal ions (31, 32) , all of which are protein molecules. That is why the identification of protein markers could serve as a good starting point for revealing new aspects of heavy metal stress in plants (24) .
Proteomes and proteomics
Ever since the completion of genome sequencing projects on many model plant species, such as Arabidopsis thaliana (33) , moss Physicomitrella patens (34) , rice (35) , and other important crops (36) , plant biologists have faced the constant challenge of successfully designating the role and function of each gene as well as their products. They do so in order to complete and improve our understanding of how biological macromolecules interact to shape an organism as a fully functional entity. Due to the extensive number of experimental data from different high-throughput analyses, new terminology has recently been coined. In an attempt to describe a complete dataset of particular biomolecules, two interrelating suffixes were introduced: "-ome" to refer to a particular population of molecules in the cell (e.g., genome, proteome, translatome, metabolome, etc.) and "-omics" to highlight a research interest (such as transcriptomics, proteomics, translatomics, and metabolomics). To obtain deeper insight into the glossary and taxonomy of current "-omes" and "-omics", readers are encouraged to visit the web page of the genomic glossary (37) .
The application of modern "-omics" techniques has been useful in expanding our knowledge of molecular pathways involved in the tolerance toward different environmental stresses. Therefore, if we are to obtain deeper insight into the plant stress response to biotic or abiotic stresses (38) , traditional biochemical and physiological approaches are simply no longer sufficient.
Plant response to abiotic stress, heavy metals included, often occurs as a consequence of changes in protein expression. This response is usually not only accompanied by an alteration in the gene expression pattern, but also by inevitable qualitative and quantitative changes in proteins. Genomic technologies monitor changes at the transcriptional level (i.e., mRNA level), which need not correlate with changes at the translational level (i.e., protein level). Put more simply, a positive correlation would suggest that mRNA transcripts are immediately translated to proteins. According to Anderson and Seilhamer (39) , the correlation coefficient in quantity between mRNA and protein abundance is relatively low, approx. 0.5. In reality, the mRNA/protein ratio depends on both the mRNA translation rate and protein stability (de novo synthesis vs. degradation). Moreover, mRNA availability can be affected by post-transcriptional processes at the stage of RNA maturation, splicing, transportation or translation initiation as well as degradation (40) . Therefore, the mRNA levels in a particular biological sample cannot always be used to predict changes in protein expression (30, 41) . In addition, protein expression is also regulated at the posttranslational level via glycosylation, phosphorylation, phosphorylation, sumoylation or ubiquitination (42, 43) . Proteins, when perceived as the functional translation portion of a genome, play very important roles throughout the plant organism in terms of numerous, structural and functional roles, as well as via effector molecules, in alleviating the stress response induced by internal or environmental stimuli (44) . Protein function can also be perceived depending on the level (biochemical, cellular or higher level of biological organization such as organ or whole organism, as well as developmental or physiological) at which a particular protein is studied.
Based on the expanding knowledge on protein function and structure, new technology for their highthroughput analysis has emerged in the form of proteomics. Since proteins are crucial for various cellular processes, proteomics is a promising tool to assess changes in proteins following a variety of stress conditions. Originally, the concept of the proteome was established by Marc Wilkins in the mid-1990s (45) as a combination of the words protein and genome. Widely accepted inside the research community, a proteome is regarded as a complete set of proteins expressed by a genome at a given point in time. More specifically, it represents the entire set of proteins expressed in a specific type of cell or tissue under a specific condition at a specific point of time (46) . Proteomics comprises many different aspects of protein roles in the living cell, including the identification and quantification of proteins, patterns of protein expression, posttranslational modification, and protein-protein interactions.
The methodology of proteomics
Since proteomics is focused on the functional translated portion of the genome, its use is expanding rapidly in the field of heavy metal stress biology. However, proteomic studies of metal stress have been far less numerous and comprehensive in comparison with investigations regarding other environmental stresses in plants (30) . Although the processes of heavy metal uptake, accumulation, distribution, oxidative stress induction, and detoxification have been investigated in a wide range of studies on plants (47) (48) (49) (50) (51) (52) (53) (54) , the mechanisms involved are still only partially understood. The proteomic approach can therefore help to elucidate new aspects of plant metal stress.
The differential-expression approach in proteomics is used for describing sets of proteomes differing both in protein quality and quantity and is aimed at protein identification and relative quantitative determination. This methodology is most frequently applied in studies dealing with heavy metal stress in plants. It is based on the comparison of the composition of different proteomes, which originate from non-stressed (control) plants and corresponding plants exposed to heavy metals (24, 25, (55) (56) (57) (58) (59) (60) (61) (62) (63) (64) (65) (66) (67) . An alternative approach is to compare proteomes from different genotypes with a distinct tolerance for heavy metal stress [e.g., differential responses of proteins in two contrasting Cd-accumulating soybean cultivars (68, 69) , comparative analysis of proteomic changes in contrasting flax cultivars upon Cd exposure (70) , or a comparative proteomic analysis of roots under Al stress in Al-tolerant and Al-sensitive soybean genotypes (71) ].
Protein extraction
At the present, many studies (24-26, 49, 60, 62) investigating heavy metal toxicity-induced differentially expressed proteins or heavy metal stressresponsive proteins in plants apply a classical gel-based proteomic approach, which includes One-(1-DE) or Two-Dimensional electrophoresis (2-DE) for a high quality protein separation followed by protein identification via mass spectrometry (MS) analysis and database search (Figure 1) .
The extraction of proteins and the preparation of samples is one of the most challenging steps in any proteomics study, particularly in those that comprise 2-DE as their first step. Effective protein extraction, solubilisation, and purification from plant tissues are essential for a good and reproducible 2-DE approach, as the amount and quality of extracted proteins ultimately determine the protein spot number, resolution and intensity. Important characteristics of a good protein isolation method are the reproducible capture and solubilisation of a full set of proteins from a certain sample with minimal post-extraction artefact formation, proteolytic degradation and contamination with non-protein molecules (72, 73) . In plant proteomics, there are several factors that can affect the method chosen for protein extraction, such as plant species, tissue type, organ, cell, organelle, and the chemical and physical properties of the observed proteins. Generally, in the preparation of protein samples, plants are regarded as "difficult" or recalcitrant tissues due to their low protein content and abundance of cell walls and vacuoles, which account for most of the cell mass (74) . Another issue in protein extraction from plant tissues is the presence of phenolic compounds, proteolytic and oxidative enzymes, as well as high levels of polysaccharides, lipids, and other secondary metabolites. These compounds generate horizontal and vertical streaking and smearing and reduce protein resolution on 2-DE gels (30, 75) . Therefore, in plant protein extraction and solubilisation, the buffer composition with regard to combinations and concentrations of detergents and reducing and chaotropic agents has a considerable effect on the quality of the extracted proteins (76) . The most frequently used protocols for the extraction of plant proteins involve a precipitation step, which should serve to separate proteins from interfering compounds originating from a plant's secondary metabolism. Chemicals commonly used for this purpose are acetone, trichloroacetic acid (TCA)/ acetone, and Tris-buffered phenol. A comparison of acetone, TCA/acetone, and phenol extraction methods applied on three plant species, regarded as recalcitrant for 2-DE protein extraction and downstream processing, has shown that phenol extraction was superior to the other two methods, providing more protein bands or spots on the gels and less proteolysis (77) . Moreover, a comprehensive proteomic study performed on nine organs from soybean plants in various developmental stages revealed that, whereas the use of an alkaline phosphatase buffer followed by TCA/acetone precipitation caused horizontal streaking in 2-DE, the extraction with alkaline phenol and methanol/ammonium acetate produced high-quality proteome maps with well-separated spots, high spot intensities, and high numbers of separate protein spots in 2-DE gels (78). Sarma et al. (79) also reported a similar preference toward the use of alkaline phenol and methanol/ammonium acetate rather than TCA/ acetone for the extraction of soybean tissues. Some other proteomic studies dealing with plant response to heavy metal stress have confirmed that phenolbased protocols are the most effective protein extraction methods for obtaining a high-quality proteome map (24, 62, 68, (80) (81) (82) (83) (84) .
The abovementioned extraction procedures are generally used in the separation of soluble proteins by classical proteomic approaches. In the case of organelle proteomics, particularly those that include membrane proteins, a modified extraction procedure should be applied to dissolve hydrophobic proteins and additional purification steps need to be included (85, 86) . Furthermore, when studying protein-protein interactions, it is necessary to extract protein complexes by using buffers with mild non-denaturing and non-ionic detergents, such as digitonin and dodecyl maltoside, which stabilise protein supercomplexes and allow the dissociation and separation of each protein complex, and therefore, keep proteins in their native states (87) .
One of the fundamental challenges in proteome analysis is the fact that samples are often dominated by a relatively small number of high-abundance proteins whose presence can obscure that of the less abundant ones, thus limiting the capacity and resolution of the separation technique(s) employed. Among plant tissues, this problem is very apparent in leaves and other photosynthetic tissues, where the majority of proteins is highly hindered by a single protein, ribulose bisphosphate carboxylase (RuBisCo) (88) .Therefore, a group of methodological strategies for the separation of protein molecules for proteomics, called separomics, is applied for the identification of low-abundance proteins and peptides in plants (89) . Different techniques have been developed to remove or reduce a substantial portion of RuBisCo from leaf protein extracts, such as the partial removal of 
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RuBisCo by the increasing dithiothreitol concentration in rice leaves extracts (90) , or by applying a fast and simple fractionation technique using 10 mmol L -1 Ca 2+ and 10 mmol L -1 phytate to precipitate RuBisCo from soluble protein extracts of soybean leaf (91) . Moreover, additional methods have been employed to reduce high-abundance proteins in extracts in order to improve the low-abundance protein detection, such as addition of isopropanol to remove storage proteins from soybean seeds extracts (92) , division of the proteome into subproteomes in membranes of banana leaves (93) , and the use of affinity and immunoaffinity columns for protein purification (94, 95) . One particular methodology seems very promising -the use of combinatorial hexapeptide ligand libraries (CPLL; such as ProteoMiner), which have been applied for the detection of low abundance proteins in plant tissues and demonstrated a remarkable decrease in high-abundance proteins as well as an enrichment of less abundant proteins (96, 97) . The concomitant enrichment of less abundant proteins may facilitate a deeper insight into the plant proteome, which could lead to novel findings of the changes in plant proteins induced by heavy metal stress.
One-and two-dimensional polyacrylamide gel electrophoresis (1-and 2-DE)
An average protein extract, even from a purified fraction, is a mixture of a large number of individual proteins as well as several other non-protein components. The main goal of the analysis of such a mixture is to acquire as much qualitative and quantitative information on the investigated proteome as possible. One of the most frequently applied approaches is to provide protein separation by means of gel electrophoresis, which is based on the migration of molecules in an electric field in a gel medium. Oneand Two-Dimensional polyacrylamide gel Electrophoresis are common separation methods employed in the analysis of proteins. Both electrophoretic techniques are frequently used to profile cell or tissue proteins or determine the purity of native or recombinant proteins (98, 99) . OneDimensional Electrophoresis has been successfully applied for the analysis of protein profile of tobacco seedlings and adult plants experimentally exposed to Cd and Zn (100) as well as in the study of physiological and proteomic changes in germinating rice seeds induced by Cu (58) . However, 1-DE has a major disadvantage in resolving protein mixtures according to only one physicochemical attribute, mostly molecular weight (MW) (101) . Therefore, it is very likely that one protein band obtained on a gel comprises numerous proteins of different characteristics and functions, simply because they all possess a very similar MW. On the other hand, 2-DE represents a much more powerful technique for protein separation since it resolves proteins by two properties (102) . In classical gel-based proteomics, proteins are resolved in the first dimension by isoelectric focusing (IEF), which separates proteins according to their charge, i.e. isoelectric point (pI), the pH at which an amino acid does not migrate in an electric field (103) . This is the most critical step of the 2-DE process. There are two alternative methods to create a pH gradient -carrier ampholytes and immobilized pH gradient (IPG) gels. When IPGs were introduced for the first dimension, they brought about better resolution and reproducibility in protein separation (104) . IPG gels have a dried homogeneous polyacrylamide gel matrix covalently bound to a plastic carrier and are available in several overlapping pH ranges (narrow-, medium-, and widerange) and different strip lengths. Prior to use, IPG gels are rehydrated with an adequate buffer. Protein samples can be included directly in the rehydration solution for efficient loading of dilute samples or for loading larger amounts of protein. Alternatively, samples can be loaded after rehydration directly on the IPG gels. The second dimension is a classical Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE), which separates proteins according to their MW. Each spot on the resulting 2-D gel corresponds to a single protein in the sample. Thousands of different proteins can be separated and information such as the pI, apparent MW and the amount of each protein can be obtained (103, 104) .
Methodological advances in 2-DE have led to the development of 2-D Differential In-Gel Electrophoresis (2-D DIGE) (105), a variant of 2-DE that overcomes some of the drawbacks of the original technique, mainly the variation between gels that often leads to multiple repeat runs. It is a high throughput technique that enables several samples to be simultaneously separated and visualized in one gel by labelling proteins with various fluorescent reagents before 2-DE. Different pools of proteins are labelled with different fluorescent dyes (up to three, Cy2, Cy3, or Cy5). The samples are then mixed and resolved on the same 2-D gel. The gel is scanned with the excitation wavelength of each dye one after the other, which allows imaging of each sample separately, or the images of all samples can be overlapped to allow better comparison of differentially expressed proteins (106) . Cy fluorescence is linear over a wide range of concentrations and sensitive down to 125 pg (105). Accordingly, this method successfully overcomes limitations in traditional 2-DE, considerably reduces gel-to-gel variation, and improves the power of quantitative analyses. Two-Dimensional DIGE also has the advantage of running an internal standard as part of each separation, which allows the measurement of the abundance of a protein in each sample relative to the internal standard. This technique can reveal the presence of several hundred proteins in a highly reproducible manner and remains unchallenged as the most efficient method for analysing complex protein mixtures. So far 2-D DIGE has been used to successfully identify heavy metal-induced differentially regulated proteins in Cd-exposed poplar plants (25) , for proteomic analysis of soybean roots under aluminium (Al) stress (71) and to affirm Alinduced proteome changes in tomato cotyledons (67) ( Table 1 ). The results obtained by these studies (25, 67, 71) indicate that 2-D DIGE in combination with MS is a powerful tool for the molecular characterization of plant heavy metal stress and identification of stressspecific protein markers.
For a high resolution separation of enzymatically active protein complexes from tissues and cells, Blue Native Polyacrylamide Gel Electrophoresis (BN-PAGE) is the method of choice (107, 108) . It is a special form of native electrophoresis, which allows separation of proteins between 10 and 10000 kDa (109) , and is particularly suitable for separation of membrane protein complexes after their solubilisation with mild neutral detergents. The separation principle relies on binding of dye Coomassie blue G-250, which provides negative charges to the surface of the protein. During migration to the anode, protein complexes are separated according to MW as blue bands. BN-PAGE allows efficient protein resolution under native conditions and therefore proteins keep their activity. BN-PAGE gel strips or individual protein complex bands can be used for different downstream analyses. BN-PAGE in conjunction with denaturing SDS-PAGE can give insights into the protein complex composition and protein-protein interactions as it provides a better separation of high MW protein complexes associated with the proteomes of organelles such as chloroplasts and mitochondria (110) .
The principle of the conjunction of these two electrophoretic methods is that protein complexes are separated according to their sizes using BN-PAGE; a BN-PAGE gel strip is denatured and placed on the top of a second dimension SDS-PAGE gel; in the second dimension the protein complexes are separated into their individual subunits. Two-dimensional BN-SDS-PAGE (2-D BN-SDS-PAGE) coupled with MS has been used so far to analyse the heavy metal stress responses of multiprotein complexes in the leaf apoplast proteome (59, 111) and thylakoid membrane (112) ( Table 1) , and also permits direct quantitative assessment of differential changes in a given proteome.
Gel image analysis
Various types of imaging systems and associated software are commercially available for analysing gels stained with any of the commonly used gel stains. ImageQuant TL (GE Healthcare), an automatic and easy-to-use general image analysis software represents a very frequently applied technique, although there are several other programs that can be found on the market like EZQuant-Gel (Microsoft™ Windows™ application for analysis of 1-D gels), Quantity One (Bio-Rad), and BioDocAnalyze (Biometra) that are of equally high quality. Apart from these commercially available programs there is also a number of freeware software for 1-D gel electrophoresis image analysis like GelAnalyzer (113) and GelScape (114), which are free for both educational and commercial usage, although specifically designed for educational institutes and researchers. All 1-D gel analysis software has similar characteristics; they can define lanes and bands, quantify bands, create standard curves and determine MW. In all of these programs, images can be adjusted for contrast, processed in various ways, annotated and exported to other files for publication or document control.
The 2-D analysis software assigns and quantifies protein spots in 2-DE gels. Moreover, these programs include statistical software designed for quantitative comparisons of large numbers of gels and are suitable for analysis of spot patterns derived from differentially expressed proteins. Some can be supported by databases to help protein identification. All 2-D analysis software can be used for image adjustments, annotation and export in a variety of file forms. The most prominent among them are ImageMaster 2D Platinum (GE Healthcare), PDQuest (Bio-Rad), REDFIN (Ludesi), Dymension (Syngene), "Progenesis" (Nonlinear Dynamics), and "Proteovue" (Eprogen). Differential labelling with fluorescent dyes Cy2, Cy3 and Cy5 (DIGE technology, GE Healthcare) 
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Under B deficiency proteins involved in energy, cell division, and protein metabolic processes were downregulated 121 greatly improves comparisons between samples for which the DeCyder 2D Differential Analysis Software was developed.
Mass spectrometry (MS) techniques
In any proteome analysis, a number of proteins is separated. This approach typically comprises 2-DE coupled with MS techniques such as Matrix-Assisted Laser Desorption Ionization Time-of-Flight (MALDI-TOF) MS or nanoscale liquid chromatography (nano-LC) electrospray ionization (ESI)-MS/MS analysis (38) . The first step is usually 2-DE, as previously described. The protein spots obtained are excised from the gel and submerged to digestion with an appropriate protease, most frequently trypsin, to obtain a mixture of peptides. In the following step, a peptide map called ''peptide mass fingerprint'' is constructed by MS in order to identify the protein. Alternatively, the partial amino acid sequence is determined by ''de novo sequencing'' and occasionally by a gas-phase protein sequencer. Then the database constructed by the genome analysis is retrieved and the gene corresponding to the protein of interest can be identified. The entry of the protein sequence database shows which proteins have been assigned particular functions. If the sequence of the analysed protein is identical or similar to other proteins from the database with a known function, the function of the target protein can be identified. This approach has been successfully applied in proteomic studies of different plant species exposed to Cd (25, 26, 61, 62, 66, 68-70, 80, 83, 112) , Cu (24, 82, 115, 116) , As (55, 56, 63, 117) , Al (67, 71, 118, 119) , Mn (59, 60, 111) , Cr (81, 84, 120) , and B (121) ( Table 1) .
Although classical proteomic approaches can identify several hundred heavy metal-responsive proteins from plant samples, they are still not apt for resolving and identifying certain components of protein complexes composed of multiple subunits. A number of second-generation gel-free MS-based proteomic technologies have been developed that can be implemented not only for protein identification, but also for determination of protein quantity. Techniques such as stable isotope labelling of amino acids in cell culture (SILAC), isotope tagging for relative and absolute protein quantitation (iTRAQ), and intensitybased absolute quantitation (iBAQ) can be applied for identifying almost all types of proteins, including highly acidic, basic, and hydrophobic proteins, as well as protein complexes (122) (123) (124) . SILAC is a simple and straightforward approach for the in vivo incorporation of a label into proteins for MS-based quantitative proteomics and it relies on metabolic incorporation of a given 'light' or 'heavy' form of the amino acid with substituted stable isotopic nuclei (e.g., deuterium, 13 C, 15 N) into proteins. Differential labelling of plant cells by two different versions of the labelled amino acids enables similar quantitation accuracy, precision, and reproducibility as conventional SILAC in animal cells (125) . The iTRAQ method is based on isobaric tags, i.e. tags that have the same mass and are primarily designed for chemically labelling the N-terminus of peptides generated from protein digests that have been isolated from cells exposed to, for example, two different environmental conditions. The labelled samples are combined, fractionated by nano LC and analysed by tandem mass spectrometry. Database searches for peptide fragmentation data result in the identification of labelled peptides and corresponding proteins (126) . iBAQ is a label-free proteome quantification method which is applicable for an accurate calculation of protein concentrations at the proteome level (127) . iBAQ has proven to be suitable for proteomics-based identification of low-abundance signalling and regulatory protein complexes in native plant tissues (124) . Currently, SILAC, iTRAQ, and iBAQ are considered to be among the most promising techniques for large-scale quantitative proteome analyses in plant biology (128, 124) . However, despite numerous advantages of quantitative shotgun proteomics, there are only a few reports that employed these techniques for analyses of metal toxicity-induced proteins in plants (80, 129, 130) . iTRAQ was used by Patterson et al. (129) for quantitative determination of proteins in two barley cultivars with different sensitivity to increased boron concentrations and the results obtained suggested that iTRAQ had a considerable potential for identifying and quantifying the expression of proteins in conjunction with bulked segregant analysis. Schneider et al. (130) applied the same technique to elucidate the role of vacuolar transporters in Cd-detoxification processes in the proteome of barley leaf tonoplast. Comparative proteomic approaches, including both gel-based (2D-DIGE) and gel-free (iTRAQ) techniques were applied by Alvarez et al. (80) to investigate the response of Brassica juncea roots to Cd treatment. They found that membrane and low abundant proteins were primarily identified by the iTRAQ method, while 2D-DIGE analysis identified many differentially expressed posttranslationally modified proteins, suggesting that each method has its own advantages and the best approach would be to apply them both in a complementary manner. However, Finka and Golubinoff (131) managed to demonstrate a robust protocol for the normalisation of iBAQ data for the purpose of analysing protein stoichiometries in complexes.
Current trends in proteomics of heavy metal toxicity in plants
In recent years, due to the advancement in techniques involving the identification and separation of proteins, substantial effort has been made in the clarification of molecular mechanisms underlying heavy metals toxicity in plants, but the importance of protein profiling has still not waned. The number of proteomic studies that have been carried out under different stress conditions in plants is relatively low, but for heavy metals-induced stress, proteomics studies are considerably even less represented (19, 38) .
The greatest number of proteomic studies dealing with adverse effects of heavy metals on a proteome of different plant species has focused on the impact of Cd exposure. In a proteomic study on Cd-stressed poplar plants (25) , it was found that this heavy metal had a deleterious effect on the expression of proteins involved in the primary carbon metabolism and from the oxidative stress response of stem tissue. Moreover, leaf and root proteome of poplar plants exposed to Cd 2+ exhibited both an enhanced accumulation of stress-related proteins, like heat shock proteins, chaperones, foldases, proteases and pathogenesisrelated (PR) proteins, while for the root tissue significant decrease in most proteins from the primary metabolism was characteristic (26) . Several papers reported an activation and up-regulation of ROS scavengers, thus indicating a prompt antioxidative response to oxidative stress damage induced by Cd (61, 62, 69) . Cd 2+ also induced an enhanced accumulation of proteins such as molecular chaperons (61) and heat-shock proteins (69) , which are protective proteins that contribute to protein stabilisation, adequate folding, assembly, and translocation under both optimal and stressed growth conditions (132) . In many studies, up-regulation of proteins associated with Cd-chelating pathways was reported (25, 49, 66, 68, 70) . In order to cope with an excess of heavy metals, plants have developed effective mechanism to synthesize chelators of low molecular weight in order to minimize the binding of toxic metal ions to functionally important proteins (133) .
Exposure to Cu mostly resulted in the up-regulation of photosynthesis, glycolysis, and pentose phosphate metabolism (82) as well as in enhanced accumulation of antioxidant and stress-related proteins (58) . Moreover, Li et al. (115) examined the effects of increased Cu concentrations on Elsholtzia splendens and found that expression of several proteins with potential ion-binding functions as well as proteins engaged in vacuolar metal sequestrations were upregulated.
Increased concentrations of arsenite or arsenate induced the over-expression of energy and metabolism related proteins (55, 63) and enhanced the expression of antioxidative enzymes (56) , which indicated a higher energy demand and induced oxidative stress during As exposure. In addition, elevated As content led to a partial disruption of photosynthetic processes and degradation of several proteins involved in photosynthesis, RuBisCO in particular (117) .
In studies of Al 3+ toxicity it was found that cysteine synthase (CS) and glutathione (GSH) play an essential role in the Al adaptation of soybean (118) and rice (119) . Moreover, it was also reported that Al-exposure induced activation of molecular chaperons in soybean (118) , while an enhanced accumulation of several enzymes involved in ROS detoxification was found in rice roots (119) . Proteomic analysis on tomato root tissue has shown that Al treatment induced enzymes associated with antioxidant activities and detoxification (67) . Comparative analysis of root proteome of aluminium-tolerant and aluminium-sensitive soybean genotypes revealed an enhanced accumulation of enzymes that catalyse the synthesis of citrate, a key organic acid involved in Al 3+ detoxification in a tolerant genotype, while proteins related to general stress response were induced in sensitive soybean (71) .
Effects of increased manganese concentrations were investigated in legume crop cowpea (Vigna unguiculata) leaf apoplast (59) and symplast (60) . Fecht-Christoffers et al. (59) revealed the particular role of peroxidases (PODs) in the expression of Mn 2+ toxicity mediating H 2 O 2 production/consumption and the oxidation of phenols in the leaf apoplast. The release of PODs in the apoplast was accompanied by the secretion of wound-induced proteins and PR enzymes, e.g. glucanase, chitinase, and thaumatin-like proteins, which appeared to be a late response to excess Mn. Furthermore, Führs et al. (60) reported the down-regulation of chloroplastic proteins involved in photosynthesis and carbon assimilation in symplast of cowpea exposed to Mn-stress. A comparative proteomic study of Mn-response in rice and barley suggested that Mn toxicity in barley involved apoplastic lesions mediated by PODs, while the lower Mn tolerance of young rice leaves in comparison to old ones could have beeen related to Mn excessinduced displacement of Mg and Fe from essential metabolic functions (111) .
Under chromate treatment of Pseudokirchneriella subcapitata, an enhanced abundance of RuBisCO activase and modulation of proteins involved in amino acids metabolism was reported (81) . Moreover, Sharmin et al (84) found novel accumulation of Crresponsive proteins linked to heavy metal tolerance and senescence pathways in roots of Miscanthus sinensis. In the study of induced proteomic changes in maize leaf upon Cr treatment the proteins identified were mainly involved in ROS detoxification and defence responses as well as in photosynthesis and chloroplast organization, which indicates that plants modify their metabolism by an altered expression of genes to adapt to Cr stress (120) .
In studies dealing with the influence of boron (B) on plant proteome it was found that proteins involved in energy, cell division, and protein metabolic processes were down-regulated under B deficiency (121) . In a comparative proteomic study of B-sensitive and B-tolerant barley exposed to increased B concentrations, Patterson et al (129) reported an enhanced abundance of enzymes phytosiderophores involved in production of proteins with a strong chelatin activity, which participate in iron uptake in B-tolerant barley.
Obstacles and future perspectives
What still remains challenging in this field is the implementation of proteomic studies in non-model plant species, i.e. plants for which the whole genome sequence is not fully available. For instance, plant scientists are interested in many different species as study objects, because some biological, as well as physiological processes of a particular research interest might not naturally be inherent to traditional model plants (134, 135) . Nevertheless, high proteome coverage in terms of complete proteome profile lacks information even for model plants (136) . Further, the identification of proteins in a particular biological sample does not automatically reveal the protein function. Moreover, proteomics studies have come up with a high number of unknown or hypothetical proteins, up to 50 % of all protein sequences in databases (137) . This seems to be even more complex in non-model species for which functional annotation of genes and proteins are at very beginnings (135) . However, substantial progress has been made in this field and the results obtained from studies carried out in the last decade have greatly improved our understanding of plant response to heavy metal stress. In the future, proteomic studies of heavy metal stress in plants could pave the way for identifying novel protein candidates that could be used for improving stress tolerance. There is great potential in combining mass spectrometry with Nanostring technology used to quantify particular mRNA, as well as to improve current knowledge of translatomics and transcriptomics in order to get more information of how plant proteins respond to heavy metal stress. Moreover, new findings could be implemented in the engineering of transgenic plants that could be used for phytomining or phytoremediation of heavy metals from contaminated soils (17, 138, 139) .
Sažetak

Proteomika u istraživanjima toksičnosti teških metala u biljaka
Biljke su neprestano izložene različitim čimbenicima abiotičkog i biotičkog stresa koji nepovoljno utječu na njihovu produktivnost. Teški metali kao česti zagađivači okoliša vrlo nepovoljno djeluju na sva živa bića, uključujući biljke, životinje i ljude. Poznato je da teški metali mogu mijenjati ekspresiju biljnih proteina. Proteine ubrajamo u biološki vrlo važne makromolekule čija je aktivnost u stanici izravno ovisna o posttranslacijskim modifikacijama, koje nije moguće pratiti na razini genoma. Stoga je nužno provoditi proteomska istraživanja kako bi se razotkrila prisutnost i uloga proteina u različitim vrstama okolišnog stresa. U ovom radu sažete su različite tehnike i metode istraživanja učinaka teških metala na biljni proteom, uključujući i sažet osvrt na složene mehanizme odgovora biljke na stres izazvan teškim metalima. 
